We report the first observation of an optical transition from a ground trion state T to excited trion state T* in (6,5) single-wall carbon nanotubes non-covalently doped with hydrochloric acid. The position of such an excited trion level T* is estimated as 2,12 eV, while the ground trion level T has an energy of 1,08 eV. Besides, pumpprobe transient absorption spectroscopy indicates that the ground trion level T cannot be excited directly. Instead, we propose that trions form after nonradioactive relaxation from excitons, dressed by interaction with doping induced hole-polarons. We also report a complete exciton-to-trion conversion by means of photoluminescence spectroscopy, thus supporting existence of the polaron-dressed exciton energy level in p-doped single-wall carbon nanotubes.
Introduction
After the first direct experimental confirmation [1] of excitonic nature of optical transitions in single-wall carbon nanotubes (SWNTs), it became clear that multi-particle interactions exert a significant influence on physical properties of SWNTs. Accounting of electon-electon, electronhole and exciton-phonon interactions successfully explained a set of phenomena, which were inexplicable in frames of simple non-interacting model. The ratio problem, i.e. inequality of the ratio between the second and the first optical transition energies to two, curiously low quantum yield of SWNT photoluminescence and phononside bands are among such phenomena [2, 3] . Since that studying of many body interactions in carbon nanotubes has become an increasingly actual research field.
Rønnow et al. have theoretically found that an interaction of excitons with electrons and holes in SWNT leads to formation of trions, which are detectable even at room temperature [4] . The first experimental confirmation of those findings was performed by Matsunaga at al. (2011) , who observed new peaks in absorption and photoluminescence spectra of SWNT after pdoping [5] . The corresponding energy levels, located approximately 100-200 meV below the bright exciton depending on the nanotube diameter, was attributed to positive trions.
The rise of trion-to-exciton band intensity rate in the photoluminescence spectra with increasing the doping level was reported by several groups [5] [6] [7] [8] [9] . Under the high level of doping the intensity of the trion band reached the intensity of the exciton band or even slightly exceed it [10] . That tendency was also accompanied by suppression of total photoluminescence brightness. Similar behavior of trion and exciton spectral features was observed in electroluminescence spectra of electrochemically doped SWNTs [11] .
It was also reported that direct pumping of the trion level T in doped SWNTs leads to partial occupancy of the trion energy level, which decreased probability of optical transition to the trion level from the ground one ( ⇒ transition) [12] . However, it is claimed in very recent study that a direct excitation of trion ( ⇒ ) has no or very low oscillator strength, and absorption band previously ascribed to trion formation indeed corresponds to excitation of polaron-dressed exciton energy level lying above trion's one ( ⇒ (6, 5) ) [13] . 
Results and Discussions
Figure 1a shows photoluminescence spectra of suspensions with different concentration of HCl under resonant excitation of the E22 excitonic transition in (6,5) nanotubes (570 nm). The distinct peaks labeled as E11, and E11 dark are due to a radiative decay of bright exciton of (6,5) nanotubes and a phonon-involving radiative decay of K-momentum dark exciton [14] of (6, 5) nanotubes, respectively. An illegible peak around 1025-1030 nm should be assigned to emission from (7, 5) nanotubes following an exciton energy transfer [15] from (6,5) nanotube. A peak at 890 nm corresponds to a radiative decay of bright exciton in (6,4) nanotubes. 
Dependencies of the E11 (red circles) and the X (black circles) photoluminescent peak positions on the concentration of HCl in the suspension.
One can also observe another distinct peak labeled as X and rising with increasing concentration of HCl in normalized data plotted in Fig. 1b . Several interpretations of similar redshifted satellite of the main excitonic peak E11 in modified nanotubes are presented in literature. Such peaks observed in nanotubes, covalently doped by aryl diazonium dopants [16] , carboxyl groups [17] , 4-bromobenzenediazonium tetrafluoroborat and oxygen [18] were ascribed to the excitons localized on defects induced by covalent functionalization of nanotubes. The energy difference between the main exciton and the defect localized exciton noticeably varies depending on the chemical structure of functionalizing group [16] . Another interpretation of photoluminescence peak X in doped SWNTs is a radiative decay of trions which were claimed in photodoped [4, 19] , gate-doped [7, 9] , HCl doped [20] and F4TCNQ doped SWNT [5] .
If the X peak were due to the decay of defect-localized excitons, we would observe a rise of defect fingerprints in Raman spectra of nanotubes with increasing concentration of HCl. However, the defect mode (D) intensity does not increase relatively to the tangential mode (G) intensity while the HCl concentration increases (see Fig. 2 ). Thus, we deny the association of the X peak with defect-localized excitons and, instead of this, explain the X peak as a result of optical decay of trions (T rad ⇒ Gr) in doped SWNTs.
Another argument in favor of trioninvolving explanation of the X peak is that experimentally measured energy difference (185 meV) between the excitonic peak and the redshifted satellite X is close to the theoretically calculated [4] energy difference (199 meV) between the exciton and the trion energy levels.
The 7% discrepancy should be attributed to the environmental effects. Indeed, as shown in Fig.1c , not only intensity, but also the position of X peak is sensitive to hydrochloric acid. Since E and X peaks demonstrate very similar position dependency on HCl concentration, we suggest that the observed red-shift is due to influence of HCl on the local dielectric constant and, consequently, the screening efficiency [21, 22] .
Figure 2 Raman spectra of the suspension with different HCl concentrations in the spectral regions of D mode (a) and G mode (b). c) Dependence of G mode (black squares) and D mode (red scuares) intensities on the concentration of HCl in the suspension.
The suspension with 2 mkl/ml concentration of HCl exhibiting the X photoluminescence peak centered at 1150 nm (solid red line in Fig.1 ) was investigated by pumpprobe technique. Figure 3a shows a dependence of induced optical density of the sample on a time delay between a pump pulse centered at E22 resonance of (6,5) nanotubes (570 nm) and a probe pulse covering the spectral region 990-1210 nm. The occupancy of E11 excitonic level of (6,5) nanotubes reveals itself as an induced transmittance centered approximately at 990 nm. The vertical cuts of Fig.3a . presented in Fig.3b show changes in the optical density of the sample at several fixed time delays between pump and probe pulses. which is approximately 50 meV below the E22 excitonic level. That allows us to assume that the excited state T* can correspond to a E22 associated trion level.
The ascertaining of physical origin of another observable peak at 1140 nm, labeled as Y, is quite sophisticated. It is often ascribed to a direct optical transition ( ⇒ ) with excitation of trion in doped SWNT [5, 7, 12] 
b) horizontal cuts of (a). c) vertical cuts of (a).
corresponds not to the direct excitation of a trion via ⇒ transition, but to the excitation of the polaron-dressed exciton via a ⇒ 11 transition. Note, that such a clear evidence was possible due to using of highly chirality-and length-sorted nanotubes. In this work, using much less electrically and morphologically homogenous material, we propose, that Y band does not correspond to ⇒ transition in acid-doped SWNTs as well.
The population dynamics of the energy level, associated with Y spectral feature can be estimated by a horizontal cut of Fig. 3a at 1140 nm, which is presented in Fig. 3c (red line) . The population dynamics of the trion energy level would be estimated by a horizontal cut of conditions. If so, at such conditions one would not observe the E11 peak in photoluminescence spectrum while observing the bright trion decay peak. We experimentally confirm a possibility of such doping of SWNTs (see photoluminescence spectra in Fig.4) A schematic illustration of energy levels and nontrivial transitions, discussed in this work is presented in Fig. 5 . To summarize, we report a first observation of an optical transition between the ground and excited trion states in SWNTs, non-covalently p-doped by HCl acid. Investigating the relaxation dynamics in morphologically and electrically weakly homogeneous SWNTs, we found, that the absorption band of acid-doped SWNTs, previously ascribed to the direct excitation of trions, is rather corresponds to the excitation of polaron-dressed excitons, which consequently form trions. We also indirectly support such conclusion by observation of compete exciton-to-trion conversion, which was previously predicted in the kinetic model, which includes the polaron-dressed excitons. These findings significantly contribute to understanding of energy structure of doped single-walled carbon nanotubes and many body interactions in lowdimensional materials. 
